Abstract This paper presents an elastic continuum model using an extended nonlinear Davies and Budhu equations, which enables the nonlinear behavior of the soil around the long elastic pile to be modeled using a simple expression of pile-head stiffness method. The calculated results were validated with the measured full-scale dynamic field tests data conducted in Auckland residual clay. An idealized soil profile and soil stiffness under small strain (i.e. shear modulus, G s and shear wave velocity, V s of the soil) determined from in situ testing was used to model the single pile tests results. The predictions of these extended equations are also confirmed by using the three-dimensional finite-element OpenSeesPL (Lu et al. in OpenSeesPL 3D lateral pile-ground interaction: user manual, University of California, San Diego, 2010). A soil stiffness reduction factor, G s /G s,max of 0.36 was introduced to the proposed method and model. It was found to give a reasonable prediction for a single pile subjected to dynamic lateral loading. The reduction in soil stiffness found from the experiment arises from the cumulative effects of pile-soil separation as well as a change in the soil properties subjected to cyclic load. In summary, if the proposed method and model are accurately verified and properly used, then they are capable of producing realistic predictions. Both models provide good modelling tools to replicate the fullscale dynamic test results.
Introduction
The dynamic response of a pile subjected to external excitation is a complex phenomenon resulting from the interactions between the pile and the surrounding soil. Common dynamic forces in engineering practice that are of interest include forces produced by machine vibration, wind or earthquake loading. The understanding in this field has advanced extensively and has received much attention from researchers for more than three decades. Researchers have conducted a variety of small scale model tests, and developed several analytical approaches for simulating the effect of pile-soil interaction on static and dynamic lateral response. These approaches are usually characterised by the treatment of the soil medium. The rationale of the tests conducted are to identify the nonlinear behaviour of the soils at high strain levels, slippage and development of a gap between pile and soil near the ground surface and the energy dissipation in the soil through different types of damping.
Reference (Blaney and O'Neill 1986 ) stated that, full scale dynamic response tests are necessary as an indication of reference with which to compare results of scale model tests and numerical analyses. Scale model dynamic tests should be interpreted carefully because of the difficulty to modelling correctly the effective stress conditions around the piles such as the stress-strain behaviour of the soil and the boundary effects of the soil container. While, in numerical analyses the adequacy of simple analytical soil stiffness and damping models require verification.
The dynamic pile-soil interaction can be divided into two types of loading. First the lateral harmonic force or moment at the pile head known as inertial loading and followed by kinematic loading, which loading induced from harmonic vertical incident shear waves. For lateral pile head loading, only the upper portion of a flexible pile experiences significant deformation. The length of this portion is called active length and was established for both static and dynamic loadings by researchers (Kuhlemeyer 1979; Randolf 1981; Krishnan et al. 1983; Gazetas 1991) . Further, the response of piles to vertically propagating shear waves has also been extensively studied, although not as extensively as the pile head loading problem (Tajimi 1977; Kagawa and Kraft 1981; Kaynia and Kausel 1982; Flores-Berrones and Whitman 1981; Gazetas 1984; Fan et al. 1991) . It was previously concluded that with such an excitation, a pile would undergo deflections over its entire length, hence the infinite beam model must be replaced with a finite one (Makris and Gazetas 1992) .
Several established analytical approaches that are available in predicting the dynamic lateral pile response. For instance, Broms (1964a, b) produced simplified solutions for the ultimate lateral load capacity of piles by considering both the ultimate strength of the bearing ground and the yield stress of the pile material. This was followed by Poulos (1971a, b) , who used the elastic continuum method to investigate the response of a laterally loaded pile. A finite element technique as employed by Blaney et al. (1976) and Banerjee (1978) is also well established. However, this approach requires large computational effort in representing the behaviour of the pile and the surrounding soils. The boundary element approach has been introduced by Banerjee (1978) and Kaynia and Kausel (1982) . But the inclusion of the soil nonlinear behaviour considerably complicates the problem and renders it difficult to analyse.
Despite the numerous sophisticated, linear and nonlinear, theoretical, semi-analytical and numerical models proposed, there are still limited experimental data available to validate the reliability of the analytical methods. These methods considered some factors while neglecting others and limitations exist with all the existing approaches. Table 1 provides the list of the full scale field testing conducted for a lateral dynamic response of single piles obtained from previous published works. Consequently, further full scale studies are required to investigate the behaviour of piles and surrounding soil. These results would be very important not only for improving the understanding of the pile-soil interaction and checking the accuracy of the analytical solutions, but also for making preliminary design estimates in practice.
The primary purpose of the pile testing discussed herein is to measure the inertial response of piles in Auckland residual soils, to investigate how the lateral stiffness decreases with increasing pile head excitation and to demonstrate an analytical method used as an alternative for estimating the deformation at the pile head due to the cyclic lateral loadings. The main tool that used for analysis of the response of the pile was the elastic continuum model (ECM). This model has the advantage that it has been extended to enable nonlinear behaviour of the soil around the pile to be modelled and assuming a long elastic pile embedded in elastic soil Davies and Budhu (1986) and Gazetas (1991) . A comparison between the three-dimensional finite-element OpenSeesPL with the measured dynamic tests was also presented.
The field work involved measurement of the small strain stiffness of the soil using wave activated stiffness (WAK) tests (Briaud and Lepert 1990) , seismic cone penetration tests (SCPT), and low level response of the pile generated by hammer blows and also by excitation from an eccentric mass shaker (Anco Engineers MK-140-10-50). All of these indicates a consistent value for the small strain stiffness of the soil. The approach taken to interpret the field response is to estimate the factor by which the small strain stiffness of the soil factor needs to be reduced in order to give the correct stiffness for the cyclic loading loops. In other words, this approach will evaluate the response of the pile using the design approach outlined in Table 4 .1 of EC8 part 5 (Eurocode 8-Part 5 2003).
Elastic Continuum Model for Pile-Soil System
The elastic continuum solution for a point force in an elastic half space was obtained by (Mindlin 1936) . This was one of the starting points in the approach developed by Poulos (1971a, b) to investigate the response of a laterally loaded pile in an elastic soil. The Young's modulus, E s , of the soil can be determined either by: (a) field tests, (b) laboratory testing on undisturbed samples and (c) back calculation from pile load tests (Sa'don et al. 2009a) .
A first step in calculating the pile head displacements, assuming elastic behavior for both the pile shaft and the surrounding soil, is to find the groundline deflections, u gl , and rotation, h gl , of the pile shaft:
where: H is the applied pile head horizontal load, M is the applied pile head moment, and f UH , f UM , f hH , f hM are the flexibility coefficients of the pile shaft which are given as follows (Pender 1993) :
where: D = pile diameter, and K = ratio of Young's modulus of the pile to that of the soil, i.e. Ep/Es. Frequently, the actions are applied at some distance above the ground-line, and the pile shaft displacements are required in that position for design. By assuming the pile to be a cantilever from the ground-line to a free head connection to the attached structures, the lateral displacement (u pile ) and rotation (h pile ) of the pile at the pile-structure connection can be determined using the following equations:
where: H and M are the horizontal force and moment applied at the pile-structure connection, L is the length of the pile shaft projection above the ground-line, and EI is the flexural property of the pile. The components of the ground-line pile shaft stiffness are determined using the following equation:
where: K HH , K HH , K HH , K HH are the components of the ground-line pile shaft stiffness matrix. Then, the equivalent unrestrained pile shaft groundline stiffnesses are obtained from:
where: K h is the unrestrained ground-line horizontal stiffness, K h is the unrestrained ground-line rotational stiffness of the pile shaft and e 1 gives the ratio of the ground-line moment to shear. However, it is well known that the behavior of laterally loaded piles is frequently nonlinear even under relatively small load levels. Reference (Davies and Budhu 1986 ) investigated the effect of non-linear lateral interaction and local failure between the pile shaft, and the soil embedded by calculating a modification factor for the elastic prediction of the pile behavior. This can be achieved by treating part of the pile shaft with the adjacent soil at failure as the cantilever. Thus, the elastic behavior of the pile shaft at this point then controls the horizontal displacement and rotation of the cantilever support point. The following equations are the pile head displacements, rotations and maximum moment for the free head pile indicates the significance of nonlinear soil behavior:
where: Iuy, I hy , I My , are the yield influence factors, u E is the elastic pile head displacement at the ground-line from Eq. (1), h E is the elastic pile head rotation at the ground-line from Eq. (2), and M ME is the maximum elastic pile shaft moment.
For constant Young's modulus with depth, the modification equations are:
0:2 10:5k 0:45
0:2 12:5k 0:33 
where: h = H/s u D 2 ; k = K/1,000; and s u = undrained shear strength of the soil.
Field Testing Program

Site Descriptions
The test site was located at the Pine Hill subdivision in Albany, Auckland. The material at the site was classified as Auckland residual clay, a product of the in situ weathering of Waitemata group sandstones and siltstones. Most of the soil samples taken from the Albany site are classified as inorganic silts and clays in between medium and high plasticity. The Atterberg limit values are quite variable with results scattered along the A-Line as shown in Fig. 1 , which representative the typical results of Auckland residual clay. The natural water content (w N ) was in the range of 30-40 % obtained from a conventional determination based on the loss of water when soil is dried to a constant mass at a temperature between ±105°C. From the natural water content and Atterberg Limit values recorded, the soil is classified as Auckland residual clay and the values obtained agrees well with previous published work Pender et al. (2000 Pender et al. ( , 2003 . The CPT recorded an average cone penetration resistance of about 2 MPa with a friction ratio of 2-6 % indicating cohesive soil. The shear-wave velocity recorded from the SCPT was approximately 155 m/s and was fairly constant with depth. The soil undrained shear strength (s u ) value is 100 kPa was obtained from CPT. This value was estimated as a function of cone resistance, q c presented in Eq. (10), with the average cone factor, N k of 13 and total measured dynamic pore pressures, u t proposed by (Robertson and Campanella 1985) . The CPT profile is illustrated in Fig. 2 .
In situ tests were done to determine the dynamic stiffness of the Auckland residual soils at the site using the WAK (wave-activated stiffness [K] ) and spectral analysis of surface waves (SASW) methods. The dynamic tests were done by applying vertical impact loads to a circular steel plate of 50 cm diameter in a vertical direction with an instrumented hammer (Dytran model 5803A) equipped with a dynamic force transducer to record the impact load. Two vertical accelerometers (AccV1 and AccV2) were screwed on top of the circular steel plate as shown in Fig. 3 .
The remaining two accelerometers, AccV3 and AccV4, were securely placed on the ground surface at 50 and 100 cm from the centre of the steel plate to measure the surface wave velocities for the SASW interpretation. By applying the experimental setup shown in Fig. 3 , the WAK and SASW tests were implemented one after the other. The dynamic stiffness of soil was obtained by considering the soil to be vibrating as a single degree of freedom (SDOF) system. The results of WAK and SASW tests performed to determine the shear wave velocity, V s , and shear modulus, G s , of the soils in the target sites were then calculated as shown in Table 2 . CPT, SCPT and WAK tests were conducted at the intended pile driving locations.
Pile and Instrumentation Details
Four steel pipe piles (referred to as Piles 1-4) were driven closed-ended to a depth of 7.0 m using a 3,000 kg drop hammer. The piles have an outside diameter of 273 mm and lengths of 7.5 m with a wall thickness of 9.3 mm. The yield moment is approximately 180 kNm, allowing the piles to be loaded repeatedly to relatively large displacements without yielding. Further pile details are given in Fig. 4 . In this paper, only the results from Pile 1 are presented and discussed.
The tested pile was instrumented with ten pairs of waterproof strain gauges along the length of the pile up to 7 m depth in order to measure flexural strains and moments during loading. Two of the strain gauges were located at 0.4 and 0.6 m above the ground surface and were used to estimate the applied actions at the pile head. A steel angle was tack-welded to each side of the pile to protect the strain gauges and lead wires during driving. Figure 5 shows custom-made steel brackets on which the eccentric mass shaker was mounted to provide harmonic lateral excitation at the pile head. The force amplitude was varied by changing the amount of eccentric masses in the shaking machine. The total above-ground mass was estimated to be approximately 600 kg, excluding any masses in the shaker. The centre of mass was estimated at 1.0 m above the ground surface. The forced-vibration tests were conducted after the wet winter season, so that the soil can be assumed to be saturated to the ground surface. Also, before the tests were started, a depth of 150 mm of top soil surrounding the pile was carefully removed by using a hand spade to provide a flat and clear surface for observing pilesoil gap opening.
All the response signals produced during the testing were simultaneously recorded using the NZNEES data acquisition system with a sampling rate of 200 readings per second. This system used LabVIEW 8.6 and is controlled using a laptop computer. All the test data was archived locally and uploaded to the NZNEES data turbine server. The results can then be reviewed over the Kiwi Advanced Research and Education Network (KAREN). In addition, video and numeric data were streamed back live to the NZNEES facilities via a satellite connection. Power to this recording system and to the eccentric mass shaker was provided by a 100 KVA (80 KW) diesel generator. From these vibration records, the frequency and the corresponding vibration amplitudes were calculated. Figure 6 shows the comparisons of the pile head loaddisplacement curves for the high level of forced vibration tests. These curves are plotted based on the maximum load obtained from each hysteresis loop generated by the excitation frequencies applied to the pile head. The height of the pile head from the ground surface is about 1.0 m. The applied load at the pile head was calculated by taking the moment using two pairs of strain gages attached to the pile above the The first series of forced vibration test, Series 1(a) and (b) recorded a maximum pile head load of 60 and 55 kN with measured displacement of 18 and 19 mm, respectively. The depth gap value is 0.4 m, measured using a broken metal measuring tape and inserting it into the gap without disturbing the soil as far as it would penetrate after the first series of the test completed. While, the high level forced vibration tests for Series 2, shows that the maximum pile head load of 40 kN was recorded with 22 mm measured displacement. This low maximum load in Series 2 was attributed to the losing soil support from each side of the pile caused by the development of a gap occurred at the adjacent to the pile. Both series were performed by using 1-eccentric mass (64 kg) attached to the flywheel of the shaker. Figure 7 illustrates the typical hysteresis loops of pile head response at the high level forced vibration tests for two applied forcing amplitudes. Two hysteresis loops were chosen to represent the minimum load, H L_Min of 10 kN (frequency 5.0 Hz) and the maximum load, H L_Max of 60 kN (frequency 6.5 Hz) for the high level forced vibration tests. At the minimum load of high level forced vibration, the soil was considered to be in a linear state and the results from Fig. 7 represent the ECM analysis performed by assuming the soil is homogeneous, and the stiffness is constant with depth.
Pile Head Response
Nonlinear Soil-Pile Interaction Cyclic Model
This section demonstrated the possibility of using an extended Davies and Budhu nonlinear equations to model the cyclic loading. The model was developed to replicate the full-scale field test results where the piles are embedded in Auckland residual clay and modeled for the free head pile. The cyclic model was completed using Mathcad11. In the model, the pile properties are similar to the properties used in the experiment. Figure 8 demonstrates a closed hysteresis loop for single pile model. A nonlinear cyclic load displacement relation consists of two basic curves. The first curve is associated with monotonic loading DOA, and the second curve represents a cyclic loop ABCDEF. The former is called a backbone curve or skeleton curve, and the latter is called a hysteresis loop. Also, it is assumed that the load-displacement curve reversal from unloading to reloading occurs at a point D, which is located symmetrically to the first reversal point A. The Eq. (8) developed by (Davies and Budhu 1986) was used to calculate the backbone curve as illustrated in Fig. 8 . For the unloading branch, a half part of the hysteresis curve is obtained by enlarging the backbone curve by a factor of two and by translating its one end to the point of reversal, D. Followed by the reloading branch intersects the backbone curve at the point A. This pair of curves constitutes a complete closed loop representing the nonlinear hysteresis curves in the cyclic loading. The rule for constructing the unloading and reloading branches using the backbone curve is based on the Masing rule (Ishihara 1996) . The cyclic model presented here, involved the reversals of loading direction that accompanied with a sudden increase in stiffness, which occurred in half cycle for each loading direction applied. The scale adjustment was achieved by using the expression of yield influence factors, I uy and I hy . It is found that by halving (h -2.9 k 0.2 ) in the numerator, reasonable results were obtained for Davies and Budhu cyclic model presented in the following section.
The modifications of Eq. (9) are shown as follows: 
In general, four steps have been adopted for calculations the cyclic loading turning point which are:
• The data at the turning point was used as the starting point for the next half cycle;
• The calculation for the displacement increment was restarted from the elastic conditions; • The scale of the strain axis was doubled in the manner of Masing's rule; • The calculated deformations during the current half cycles were then added at the end of the previous half cycle.
Comparison Between Nonlinear Soil-Pile Interaction Cyclic Model With Experimental Results
A comparison between the experimental results with an extension of the ECM model based on (Davies and Budhu 1986 ) which introduces nonlinear behaviour of the soil adjacent to the pile shaft is presented. The initial shear modulus at small strain, G s,max = 40 MPa obtained from WAK tests was used to represent the effect of the nonlinear of the soil. The value was chosen by considering good contact between the pile and soil. After the high level force excitation, the calculation for the nonlinear soil was done by considering the reduction in soil stiffness and allowing a gap deepening due to the soil yielding. This was done by multiplying the initial G s,max with a stiffness reduction factor of 0.36, which has been found to give an agreement with the full scale field test results. This soil stiffness reduction factor was found to agree with G s /G s,max of 0.36 value from Part 5: Eurocode 8 (2003) . Thus, G s of 14 MPa was considered in the modeling of the nonlinear of the soil. Figure 9 attempts to relate the degradation in the soil stiffness adjacent to the pile shaft with the increase in gap depth as the applied loads increase. The first The calculations were performed for the new shear modulus of the soil, G s of 14 MPa without and with the gap depth considerations. A number of load displacement curves are plotted with soil reduction in stiffness and increment in gap depths. From Fig. 9 , it can be seen that there is a progressive deepening of the soil gap with increasing of lateral loading. This is because when the lateral load is applied to the free head pile, the load is initially carried by the soil close to the ground surface; thus, produce the gap opening as well as gap depth.
The hysteresis loop was plotted in Fig. 10 using an extended nonlinear Davies and Budhu equation together with the high level of forced vibration dynamic test results. In this cyclic model, a stiffness reduction factor of 0.36 was applied to the initial state of the shear modulus G s,max = 40 MPa and the gap depth of 0.4 m were considered. As it can be seen from the figure, the cyclic models give an excellent agreement for both the reloading and unloading branch when compared with the experimental fullscale field test results. The study presented here, shows that the extended Davies and Budhu nonlinear equations have been successfully modeled the dynamic loading. Thus, provides a useful application to the lateral loaded pile design.
3D Modeling Pile-Soil Interaction in Nonlinear
Soil Using OpenSeesPL
Overview of OpenSeesPL
The OpenSeesPL is a 3D finite-element model for the lateral pile-ground interaction response. This Windows-based programme allows simulations for any size of pile and pile diameter subjected to seismic excitation scenarios as well as push over situations. The software also has the facility to account for nonlinear soil and nonlinear pile behavior. For static loading on the pile, a fixed boundary condition may be specified along the base and lateral boundaries of the soil mesh. For dynamic excitation, ground motion is specified uniformly along the soil model. The OpenSeesPL allows a convenient graphical interface of the results. These include the deformed mesh, ground response time histories and pile responses. Full mesh, half mesh, or quarter mesh modelling configurations can be analysed with symmetry considerations (Lu and Elgamal 2005) . In this study, each pile element is modeled with the 8-node element in the circumferential direction. Meanwhile, each of the soil elements is modeled by using the 20-node brick element with uniform width of 0.125 m for 10 m depth. For the pile-soil interface, 15 numbers of mesh columns were considered with 8 numbers of adjacent uniform width columns, so that the action between the pile and soil due to loading applied at the pile head can be captured. The resulting typical deformed mesh of an analysis is shown in Fig. 11 . (Davies and Budhu 1986) equations, which is of interest in the study. Thus, the entire calculation for OpenSeesPL nonlinear soil model performed in the following section will be using the Poisson's ratio m s of 0.4 values.
Nonlinear Soil Analysis
The analysis was further continued by comparing the nodal displacement changes of the soil mesh grid at nodes in contact with the pile which are performed for no tension and tension zone applications. The results obtained for both cases show that similar nodal displacements were established at both front and back of soil mesh. From this, one can explain that the nodes remain attached between the pile and surrounding soil and the tension zone mechanism in the programme only causing the soil to yield. Figure 13 shows the comparison made between the OpenSeesPL and Davies and Budhu equation. Both results obtained showed an excellent comparison.
Thus, from this finding, the OpenSeesPL nonlinear soil analysis with tension zone is used throughout the analysis.
Nonlinear Soil Analysis for Dynamic Loading
The OpenSeesPL for dynamic models was developed based on the test loading time-history data. The analysis was performed based on the push-over analysis. Thus, no damping, other than the inherent hysteretic damping in the material models in OpenSeesPL, is considered. The lateral loading was applied at 1.0 m above the ground level. The results show an agreement with the experimental data with different shear modulus applied for each loading history applied. Different shear modulus has been used in the model to represent the significant change in soil stiffness as the applied load increased. This was done by several attempts using the different shear modulus of the soil, G s and undrained shear strength of the soil, s u in order to fit the OpenSeesPL dynamic model with the experimental results. Figure 14 shows that the G s of 10 MPa with undrained shear strength, s u of 80 kPa applied to the OpenSeesPL model achieved better agreement in modeling the forced vibration test. These OpenSeesPL dynamic model results were also compared with Davies and Budhu dynamic model discussed in previous section. In an overall, the two dynamic models presented here have successfully captured the forced vibration load-displacement loops. Details and further examples are presented elsewhere (Sa'don 2010) . 
Conclusions
The ECM has shown the potential application to the laterally loaded pile design. This was achieved using the extended Davies and Budhu nonlinear equation, which then has been validated using the full-scale dynamic field test results. The OpenSeesPL nonlinear analyses have successfully captured the load-displacement curves for the dynamic full-scale tests. It was found that the OpenSeesPL produced reasonable results when compared with the extended nonlinear Davies and Budhu equations, and both method matches very well with the full-scale field tests data. In an overall, both models provide good modelling tools to replicate the full-scale dynamic tests with the reasonable results attained when an adequate shear modulus of the soil, G s (by multiplying with a stiffness reduction factor), and gap depths were applied. 
